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ABSTRACT 

A mercury-column coulometer was s u b j e c t e d  t o  and s u c c e s s f u l l y  
su rv ived  v i b r a t i o n  t e s t s  which c o n s i s t e d  of  t h o s e  s p e c i f i e d  f o r  components 
of  t h e  SERT-I1 s p a c e c r a f t  and a s i n g l e  scan  a t  t h e  f r equenc ie s  and 
a c c e l e r a t i o n  l e v e l s  of  MIL-STD-202, Procedure 204, Condi t ion D. The 
impedance of  the coulometer was found t o  b e  lower du r ing  v i b r a t i o n  
than  wi thou t  v i b r a t i o n ,  Its i n t e g r a t i n g  a b i l i t y  was n o t  a f f e c t e d  by 
t h e s e  v i b r a t i o n  tes ts  
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SUMMARY 

A mercury-column coulometer was sub jec t ed  t o  and s u c c e s s f u l l y  sur- 
vived v i b r a t i o n  t e s t s  which cons i s t ed  of  t h o s e  s p e c i f i e d  f o r  components 
of the SERT-I1 s p a c e c r a f t  and a s i n g l e  scan  a t  the  f r equenc ie s  and 
a c c e l e r a t i o n  l e v e l s  of MIL-STD-202, Procedure 204, Condition D. The 
impedance of the coulometer was found t o  be  lower du r ing  v i b r a t i o n  
than  wi thout  v i b r a t i o n ,  Its i n t e g r a t i n g  a b i l i t y  was no t  a f f e c t e d  by 
these v i b r a t i o n  tes ts ,  

INTRODUCTION 

The major a p p l i c a t i o n s  of space  secondary-bat tery systems i n  the 
p a s t  have been i n  space  v e h i c l e s  t h a t  opera ted  i n  a known o r b i t  o r  f l i g h t  
and had a known e l e c t r i c a l  load.  Ba t t e ry  s i z e ,  system i n t e g r a t i o n ,  and 
charge c o n t r o l  were primary cons ide ra t ions  i n  the des ign  of  these sys-  
tems. The a c t u a l  s t a t e  of charge of the  b a t t e r y  a t  any one t ime was of 
l esser  importance because t h e  system could b e  designed for  t h e  known 
a p p l i c a t i o n .  However, i n  f u t u r e  h ighe r  power systems which w i l l  be  used 
f o r  manned space  s t a t i o n s  o r  i n t e r p l a n e t a r y  miss ions ,  b a t t e r i e s  w i l l  
s e r v e  a s  backup o r  emergency power s u p p l i e s ,  The e l e c t r i c  load  and the 
use  of the  b a t t e r i e s  i n  these higher power systems a r e  n o t  p r e d i c t a b l e .  
A method t o  i n d i c a t e  t he  s t a t e  of charge of a b a t t e r y  w i l l  a i d  i n  crew 
s a f e t y  and mission success  by provid ing  cont inuous informat ion  on the 
amount of energy a v a i l a b l e .  Such an i n d i c a t o r  would be used i n  a manner 
s i m i l a r  t o  a fue l  gage. 

A t  p r e s e n t ,  there  does no t  appear  t o  be  a p r a c t i c a l  method t o  measure 
and i n d i c a t e  s t a t e  o f  charge d i r e c t l y  from b a t t e r y  parameters .  The most 
p r a c t i c a l  approach a t  t h i s  t ime is t h a t  of u s ing  some form of ampere- 
hour dev ice  t o  i n t e g r a t e  the  ampere-houm i n t o  and ou t  of the  b a t t e r y .  
When the charge-discharge c h a r a c t e r i s t i c s  of a b a t t e r y  a r e  known and the 
ampere-hour device  is designed t o  match them prope r ly ,  the va lue  of the  
charge-discharge current-time i n t e g r a l  is a good i n d i c a t i o n  of the s t a t e  
of bharge. .. 

The mercury-column coulometer is an ampere-hour i n t e g r a t i n g  device  
which is f e a s i b l e  f o r  use i n  a b a t t e r y  s t a t e -o f -cha rge  i n d i c a t o r  (ref. 1). 
It  c o n s i s t s  of a s e a l e d  g l a s s  tube con ta in ing  two columns of mercury 
sepa ra t ed  by a gap con ta in ing  an e l e c t r o l y t e .  The l i n e a r  p o s i t i o n  of 



the  gap i n  t h e  t u b e  is an i n d i c a t i o n  of t h e  ampere-hour i n t e g r a l ,  These 
coulometers  have been s t u d i e d  i n  t h e  p a s t  f o r  use  i n  space  b a t t e r y  sys -  
t e m s ,  However, it was found t h a t  t h e  shock and v i b r a t i o n  which would 
e x i s t  du r ing  the launch  of space  v e h i c l e s  such  a s  GEOS and Transi-k:ca-wed I 
t h e  mercury t o  b r i d g e  t h e  e l e c t r o l y t e  gap (unpubl ished d a t a  from Louis  
Wilson and Eugene S t roup ,  b o t h  of  NASA Goddard Space F l i g h t  Center ) .  
The e l e c t r o l y t e  d i s p e r s e d  through t h e  mercury, and t h e  gap and i n t e g r a t i n g  
c a p a b i l i t y  of  t h e  coulometer were l o s t ,  The des ign  of mercury-column 
coulometers  has  changed s i n c e  t h e s e  problems were observed, More r e c e n t l y ,  
they  have su rv ived  t h e  shock and v i b r a t i o n  p r e s e n t  du r ing  launching  and 
opera ted  s u c c e s s f u l l y  i n  d e s t r u c t  t i m e r s  i n  s e v e r a l  o p e r a t i o n a l  s a t e l l i t e s  
(unpublished d a t a  from Frank l in  Kel ly ,  TRW Systems Group, Redondo Beach, 
C a l i f o r n i a )  

These d i f f e r i n g  da ta  i n d i c a t e d  t h a t  f u r t h e r  i n v e s t i g a t i o n  of  t h e  
e f f e c t s  of  v i b r a t i o n  on a r e c e n t  des ign  of  t h e  mercury-column coulometer 
was needed. A commercially a v a i l a b l e  coulometer has  been s u b j e c t e d  t o  
v i b r a t i o n  t e s t s  which inc luded  t h o s e  s p e c i f i e d  f o r  components of  t h e  
SERT-I1 s p a c e c r a f t ,  The resul ts  of  t h e s e  t e s t s  a r e  p re sen ted  and d i s -  
cussed i n  t h i s  r e p o r t .  

DESCRIPTION OF COULOMETER 

F i g u r e  1 shows t h e  mercury-column e l ec t rochemica l  coulometer  i n  a 
s i m p l i f i e d  form. I t  c o n s i s t s  of  a s e a l e d  g l a s s  c a p i l l a r y  t u b e  w i t h  an 
e l e c t r o d e  a t  each end and f i l l e d  w i t h  mercury except  f o r  a sma l l  gap 
formed by a l i q u i d  e l e c t r o l y t e ,  The gap s e p a r a t e s  t h e  mercury i n t o  two 
Columns, When a c u r r e n t  is passed  through t h e  coulometer,  mercury w i l l  
be  e l ec t rochemica l ly  t r a n s f e r r e d  from one column a c r o s s  the e l e c t r o l y t e  
gap t o  t h e  o t h e r  column, The amount of mercury t r a n s f e r r e d  is p r o p o r t i o n a l  
t o  t h e  t ime  i n t e g r a l  of  c u r r e n t  th rough t h e  coulometer,  A s  t h e  mercury 
t r a n s f e r s  from one column t o  the o t h e r ,  t h e  l e n g t h s  of  t h e  columns change 
and t h e  gap moves a l o n g  t h e  l e n g t h  of  t h e  coulometer.  The p o s i t i o n  of 
t h e  gap, t h e n ,  is an i n d i c a t i o n  of  t h e  t ime  i n t e g r a l  of  c u r r e n t ,  or ampere- 
hours .  References 2 and 3 prov ide  a more complete d e s c r i p t i o n  of  t h i s  
t y p e  coulometer.  The coulometer used f o r  v i b r a t i o n  t e s t i n g  was approxi-  
mately 1 - 0  cen t ime te r  l ong  and 0 , 5  m i l l i m e t e r  i n  o u t s i d e  diameter .  I t  
was encapsula ted  i n  a meta l  c a s e  of  approximately 1-2 cub ic  cen t ime te r s .  
F igu re  2 shows th i s  assembly w i t h  t h e  metal  c a s e  removed, 

APPARATUS AND PROCEDURE 

The coulometer was mounted on a r i g i d  f i x t u r e ,  a s  shown i n  f i g u r e  3 ,  

Table  I g i v e s  t h e  frequency 
f o r  v i b r a t i o n  t e s t i n g  i n  accordance w i t h  t h e  requi rements  of  S p e c i f i c a t i o n  
3-71C f o r  t h e  SERT-PI s p a c e c r a f t  components, 
range  and a c c e l e r a t i o n  l e v e l s  r e q u i r e d  by t h a t  s p e c i f i c a t i o n ,  
3-71C i n c l u d e s  a 20-g random n o i s e  t e s t ,  Table  I1 g i v e s  t h e  more widely 
known v i b r a t i o n  requi rements  of MIL-STD-202, Method 204, Condi t ion D ,  
which a r e  g e n e r a l l y  more s e v e r e  t h a n  t h e  8 i n e  v i b r a t i o n  requi rements  

I 

S p e c i f i c a t i o n  
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of S p e c i f i c a t i o n  3-7lC. T o  g i v e  a d d i t i o n a l  s i g n i f i c a n c e  t o  the &est  
r e su l t s ,  a s i n g l e  sweep t e s t  was made a t  the  v i b r a t i o n  l e v e l s  of MIL- 
STD-202 a s  shown i n  t a b l e  11, The coulometer was v i b r a t e d  t o  the l e v e l s  
of t a b l e s  I and I1 along each of i ts three mutually perpendicular  axes ;  
X ,  Y, and 2 ,  

The v o l t a g e  drop a c r o s s  the mercury-column coulometer with a con- 
s t a n t  c u r r e n t  p a s s i n g  through it is an i n d i c a t i o n  of the coulometer i m -  
pedance, T h i s  impedance is p r i m a r i l y  determined by the e lec t rochemica l  
p rocess  t a k i n g  p l a c e  i n  the gap, A l o s s  of  the  gap would r e s u l t  i n  a 
s i g n i f i c a n t  drop i n  coulometer impedance because the c u r r e n t  conduct ing 
p a t h  wohld be  a l l  mercury, The normal e l ec t rochemica l  process  would be  
absent .  

F igu re  4 shows the  e l e c t r i c a l  monitor ing used du r ing  v i b r a t i o n  tes ts ,  
The v o l t a g e  drop a c r o s s  the coulometer was monitored w i t h  bo th  an o s c i l l o -  
scope and an X-Y r eco rde r ,  Any l o s s  of the gap would be i n d i c a t e d  by a 
displacement  of the o s c i l l o s c o p e  t r a c e  t o  nea r  zero.  The X-Y r eco rde r  
provided a r eco rd  of coulometer v o l t a g e  drop a s  a func t ion  of v i b r a t i o n  
frequency. 

RESULTS DISCUSSION 

The t e s t  sample coulometer su rv ived  the v i b r a t i o n  t e s t s  desc r ibed  
i n  t h i s  r e p o r t  w i thou t  evidence of any damage o r  permanent change i n  
ope ra t ing  c h a r a c t e r i s t i c s .  No l o s s  of gap, a s  would be i n d i c a t e d  by the  
o s c i l l o s c o p e  o r  subsequent f a i l u r e  t o  f u n c t i o n ,  occurred,  

During v i b r a t i o n  a t  20 ggs (MIL-STD-202) the impedance of the cou- 
lometer ,  a s  i n d i c a t e d  by v o l t a g e  drop ,  v a r i e d  t o  a maximum of approximately 
1 1 6  p e r c e n t  and a minimum of  approximately 45 pe rcen t  of i ts  va lue  w i t h -  
ou t  v i b r a t i o n ,  F igu res  Sa and 5b show the  experimental  da t a  on v o l t a g e  
drop a s  a func t ion  of  frequency under Y and X a x i s  v i b r a t i o n .  Data f o r  
the 2 a x i s  is e s s e n t i a l l y  the same a s  t h a t  f o r  the X a x i s ,  The v a r i a t i o n  
i n  impedance under the  s i n e  v i b r a t i o n  of SERT-I1 S p e c i f i c a t i o n  3-71C was 
g e n e r a l l y  l e s s  t h a n  t h a t  found w i t h  MIL-STD-202, Af te r  v i b r a t i o n ,  the  
impedance r e t u r n e d  t o  i ts  o r i g i n a l  va lue ,  

The change i n  impedance was probably caused by a g i t a t i o n  of the 
mercury-e lec t ro ly te  i n t e r f a c e  and/or v ibra t ion- induced  d i s t o r t i o n  of 
the gap dimensions. The cur ren t - t ime i n t e g r a t i n g  a b i l i t y  of the coulometer,  
however, was n o t  impaired by v i b r a t i o n ,  This is demonstrated by the  f a c t  
t h a t  a f t e r  t e s t i n g ,  a s u f f i c i e n t  number of  microampere-hours were passed 
through the  coulometer s o  t h a t  the  n e t  cur ren t - t ime i n t e g r a l  recorded by 
the coulometer du r ing  and a f t e r  v i b r a t i o n  t e s t  was zero ,  The p o s i t i o n  
of the  gap was then  checked with an e l e c t r o n i c  readout  and found t o  be  
unchanged from i ts  i n i t i a l  p o s i t i o n  b e f o r e  v i b r a t i o n  t e s t ,  w i t h i n  measure- 
ment e r r o r ,  
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Operation of t h e  coulometer a s  a cur ren t - t ime i n t e g r a t i o n  was t h e  same 
a f t e r  a s  it was b e f o r e  v i b r a t i o n  t e s t s .  ~ 

CONCLUDING REMARKS 

A r e c e n t  des ign  of a commercially a v a i l a b l e  mercury-column coulometer 
has  been shown t o  s u c c e s s f u l l y  su rv ive  v i b r a t i o n  t e s t s  which included 
t h o s e  s p e c i f i e d  f o r  components of t h e  SERT-I1 spacec ra f t .  This  is addi-  
t i o n a l  evidence t h a t  t h e  mercury-column coulometer is a f e a s i b l e  device  
f o r  use i n  space  power systems. 
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TABLE I 

VIBRATION TEST LEVELS OF SERT-I1 SPECIFICATION 3-71C 

A, S i n u s o i d a l  Sweep Frequency Schedule 

Freq. Range Acceler .  Level  

5-19 HZ 0.05 i n c h  D o A e *  
19-2000 HZ 9.0 g's 

Sweep Rate: 2 , O  oc taves  p e r  minutes 

Sweep Time:  f o r  5-2000 Hz approximately 4.3 min. 

B, Random Noise V i b r a t i o n  Schedule 

Freq,  RanFe Acceler ,  Level  

20-400 HZ 6.5 ggs  r m s  
400-2000 HZ 18.9 gps r m s  

Spec, Densi ty  

0 .11  g2/Hz. 
0,22 g2/Hz' 

O v e r a l l  Level:  20-0 g p s  r m s  
Dura t ion  :: 4.5 minutes p e r  a x i s  

*D,A, - double  ampli tude (maximum t o t a l  excursion)  t 

TABLE I1 

VIBRATION TEST LEVELS OF MIL-STD-202 METHOD 204, CONDITION D 
(S inusoida  1 Sweep T e s t  Only) 

A c c e l e r a t i o n  Level  

10-80 HZ 
80-2000 HZ 

0.06 i n c h  D.A,* 
20 g"s 

Sweep Time: 20 minutes 1 0  t o  2QQ9 t o  10  Hz each a x i s  - .  
t 

*D.A. - double  ampli tude (maximum t o t a l  excursion)  

.. . 
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Figure 2. - Encapsulated coulometer assembly. 
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Figure  4 - E l e c t r i c a l  Power and Monitoring 
For Vib ra t ion  Tests 
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